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ARTICLE INFO ABSTRACT

Editor: Hailiang Dong The distribution of benzo[blnaphthofurans (BNFs) and benzo[b]naphthothiophenes (BNTs) and their
geochemical significance have been investigated for a set of delta-lacustrine mudstone samples from the Bei-
buwan Basin, South China Sea. BNF and BNT isomers in source rock extracts are identified in the m/z 218 and m/
2 234 mass chromatograms of the aromatic fractions, respectively. The relative content of BN12F and BN21T
increases as the increasing of burial depth and maturity, which is corresponding to relative higher calculated
thermostability among the BNF and BNT isomers. Two maturity parameters, BNFR (abundance of BN12F relative
to BN21F) and BNTR (abundance of BN21T relative to BN12T), both correlate well with vitrinite reflectance (Ro
%), suggesting that these parameters are potential indicators for assessment of source rock maturity (Ro>0.5%).
BNTR is more suitable for the mature stage (Ro<1.0%), as errors in measurement increase in overmature stage
due to the low abundance of BN12T. The significant correlation between BNFs and DBF indicates their similar
origin, likely an oxic environment with higher plant input. The thermal instability of BNFs at the overmature
stage suggests that they may be converted to other compounds at high thermal maturity. The absolute con-
centrations of BNTs show a growing trend as maturity increases, indicating a thermal origin. BNTs may be
generated from phenylnaphthalene isomers by incorporating a sulfur atom into biphenyl during catagenesis. This
study achieves a better understanding of the occurrence and significance of BNFs and BNTs in sedimentary
organic matter.
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1. Introduction 2004; Li et al., 2008, 2014a, 2018; Fang et al., 2016). Benzo[b]naph-

thofurans (BNFs) and benzo[b]lnaphthothiophenes (BNTs), which

Dibenzothiophenes (DBTs), dibenzofurans (DBFs), and their meth-
ylated homologues are important polycyclic aromatic compounds in
sedimentary rock extracts and crude oils. DBTs and DBFs have mainly
been used in maturation evaluation (Radke, 1988; Willsch and Radke,
1995; Chakhmakhchev et al., 1997; Kruge, 2000; Li et al., 2013a, 2013c,
2014b), depositional environment assessment (Hughes et al., 1995; Li
etal., 2013b; Yang et al., 2017), oil-source correlation (Guo et al., 2008;
Guo and He, 2009) and hydrocarbon migration tracing (Wang et al.,

contain three benzene rings, are complex hetero-atomic aromatic com-
pounds, found in oils and sedimentary organic matter (Fig. 1). However,
the distributions, origins, and geochemical applications of BNFs and
BNTs have received less attention than those of DBFs and DBTs.

An unidentified BNF isomer was first detected in coal carbonization
products by Shultz et al. (1972). Borwitzky and Schomburg, 1979) and
Guillén et al. (1992) detected all BNF isomers in coal tar pitch and its
volatiles, but their specific configurations were not determined. These
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Fig. 1. Structures of benzo[b]naphthofurans and benzo[b]naphthothiophenes.
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compounds have also been found in charcoal from Jurassic wildfires in
Poland and Argentina (Marynowski and Simoneit, 2009; Marynowski
et al., 2011). They are less soluble in water and less susceptible to (bio)
degradation, since their molecules are larger than DBFs (Marynowski
and Simoneit, 2009). Li and Ellis (2015) identified BNFs in crude oils
and source rocks by co-injection with standard samples. Because of the
structural similarities with benzo[a]carbazole and benzo[c]carbazole,
the ratio BN21F/(BN21F + BN12F) was considered to be a potential
molecular marker for tracing subsurface hydrocarbon migration (Li and
Ellis, 2015).

At present, the origins of these compounds are not clearly under-
stood. Due to their high abundance in coaly shales, BNFs are thought to
originate from terrigenous organic matter (Li and Ellis, 2015). Vukovic
et al. (2016) and Cesar and Grice (2017) suggested that formation of
BNFs may also be related to the catalysis of clay minerals. Water and
clay minerals released from kerogens react differently with organic
matter, which may explain the occurrence of a variety of oxygenated
PAHSs (Vukovic et al., 2016). Because of differences in the behavior of
individual BNF isomers in different depositional environments, the
BN21F/BN12F ratio can also be used to identify lithofacies (Cesar and
Grice, 2017).

Kropp et al. (1994) indicated that BNTs can be generated from
benzothiophenes in a microbial degradation environment. The GC
retention behavior of BNTs and their alkylated derivatives in different
stationary phases has also been reported in previous studies (Mossner
et al., 1999). Li et al. (2012, 2014a) identified the three BNT isomers in
crude oils by co-injection with authentic internal standards. As benzo-
carbazoles and BNFs, the BN21T/(BN21T + BN12T) ratio has also been
applied to determine oil migration distances (Li et al., 2014a; Fang et al.,
2016, 2017). Abundant BN21T were detected in the Niger Delta basin,
which may be attributed to a significant marine influence on the
depositional environment (Abiodun et al., 2019). Wang et al. (2021)
found that the ratios of BN21T/BN12T and BN21T/(BN12T + BN23T)
correlated well with maturity in an artificially matured series (Ro >
1.0%). These two parameters can therefore be used for thermal maturity
evaluation of overmature sediments.

In previous studies, BNFs and BNTs have been used to trace hydro-
carbon migration routes and evaluate thermal maturity in the high to
overmature stages (Li et al., 2014a; Li and Ellis, 2015; Fang et al., 2016,
2017; Wang et al., 2021). However, their distributions in immature to
mature sediments have not received the same attention, and little is
known regarding their origins and formation mechanisms. This study
identified all BNF and BNT isomers in source rocks from the Fushan
Depression, in the Beibuwan Basin (South China Sea). The purpose of the
study is to clarify the thermal evolution behavior of BNFs and BNTs in
source rocks. The origins and formation mechanisms of BNFs and BNTs
in the geosphere are also preliminarily discussed. It is hoped that this

study will contribute to further understanding of the occurrence and
sources of BNFs and BNTs in sedimentary organic matter.

2. Methods
2.1. TOC and vitrinite reflectance measurement

Core samples were ground to <80 mesh and carbonates removed
with hydrochloric acid prior to analysis. Total organic carbon content
(TOC) was measured on a LECO CS-230 Carbon/Sulfur Analyzer. Vitri-
nite reflectance Ro (%) of the polished blocks was measured using a
Leica Model MPV-SP microscopic photometer, following standard pro-
cedure (SY/T 5124-2012).

2.2. Rock extract

The powder was extracted in a Soxhlet apparatus for 24 h with 400
ml of dichloromethane and methanol (93:7, v:v) as the solvent. The
extracts were dissolved in 50 ml of n-hexane, and insoluble compounds
(asphaltenes) were removed by filtering through a funnel with cotton.
The residue was separated into saturated and aromatic hydrocarbons by
alumina/silica gel columns. The eluents used were 30 ml of n-hexane for
the saturated fractions and 30 ml dichloromethane: n-hexane (2:1, v:v)
for the aromatic fractions.

2.3. Gas chromatography-mass chromatography (GC-MS)

GC-MS analysis of the aromatic fractions was performed on an
Agilent 7890B GC-Agilent 5977A MS system with an HP-5MS fused
silica capillary column (60 m x 0.25 mm x 0.25 pm). The initial tem-
perature was 80 °C, which was held for 1 min, then increased to 310 °C
at a rate of 3 °C/min, and finally held at 310 °C for 20 min. Helium was
used as the carrier gas. The MS was operated in electron ionization (EI)
mode with an ionization energy of 70 eV and a scan range of 50-600 Da.

A known quantity of deuterium-substituted phenanthrene (phenan-
tharene-d;o; molecular formula: C;4D1o; molecular mass: 188) was used
as an internal standard, and added to each sample before GC-MS anal-
ysis. Phenanthrene-d;o, which eluted before the phenanthrene, can be
identified on the m/z 188 mass chromatogram. The peak areas of DBF,
DBT, BNFs and BNTs were determined by m/z 168, 184, 218, and 234
mass chromatograms, respectively. Their relative concentrations were
calculated by correlation with the peak area of phenantharene-d;o. The
average error of concentration measurement is +4.5%.

3. Samples and geological setting

A total of 34 source rock samples were collected from the Fushan
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Fig. 2. Location of sedimentary basins in the South China Sea (a) and simplified geological map of the Fushan Depression, Beibuwan Basin (b). The sampling location

are shown in Fig. 2(b). (modified after Liu et al., 2021).

A
TMN
3 —
=1
= MP  EP<DMP
=) rm
=
3
TeMN
< EN+DMN —
[5) rm
e
= MDBF MDBT
(5]
~ P
DB

MN v

T klM i

i ! .

T T T T T T >

20 30 40 50 60 70

Retion time (min)

Fig. 3. Representative total ion current chromatogram of the aromatic fractions from source rock extracts. Abbreviations: MN: methylnaphthalene; EN + DMN:
ethyl- and dimethylnaphthalene; DBF: dibenzofuran; TMN: trimethylnaphthalene; MDBF: methyldibenzofuran; TeMN: tetramethylnaphthalene; DBT: dibenzothio-
phene; IS: internal standard; MP: methylphenanthrene; EP + DMP: ethyl- and dimethylphenanthrene; PAHs: polycyclic aromatic hydrocarbons.

Depression, Beibuwan Basin. The Fushan Depression, situated in the
southeastern corner of the Beibuwan Basin, is one of a number of
Mesozoic-Cenozoic depressions in the northern continental shelf of the
South China Sea (Fig. 2). The geological characteristics of the Fushan
Depression have been described in detail in previous studies (Liu et al.,
2014, 2015; Zeng et al., 2021, 2022).

The Paleogene sequence in the Fushan Depression can be divided
into three formations: Changliu, Liushagang, and Weizhou. The Chan-
gliu and Weizhou formations are mainly composed of fluvial-alluvial
facies. The Liushagang Formation (Els), mainly develops delta-
lacustrine facies with an oxidizing environment, which contains the
most important source rocks and reservoirs. It is further subdivided into
three members (Els3, Elsy, and Els;, oldest to youngest). Els; and Els3

generally consist of braided river delta, fan delta, and lacustrine
mudstone. The lake level was elevated during deposition of Elsy,
resulting in the deposition of enormously thick lacustrine shales, which
serve as the main source rocks for the formation.

Abundance of organic matter is relatively high, with average TOC
content of 1.60%. The OM is predominantly type II; kerogen with
relatively high HI values (ranging from 80 to 360 mg HC/g TOC). The
vitrinite reflectance of rock samples varies from 0.47% to 1.12%, indi-
cating that the samples are immature to mature. Most of the samples
have relatively high Pr/Ph ratios, except for some that were deposited in
a suboxic deep-lacustrine environment (Gan et al., 2020; Zeng et al.,
2022). Low gammacerane content (average gammacerane/Csy hopane
ratio of 0.09) indicates a fresh water depositional environment.
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Fig. 4. Identification of benzo[b]naphthofurans (m/z 218) and benzo[b]naphthothiophenes (m/z 234) in samples from the Fushan Depression, Beibuwan Basin.

BNT: benzo[b]naphthothiophenes, BNF: benzo[blnaphthofurans.
4. Results and discussion

4.1. Occurrence and distribution of benzo[b]naphthofurans and benzo[b]
naphthothiophenes

The total ion current (TIC) of the aromatic fractions of the source
rock extracts is dominated by a series of alkylnaphthalenes and alkyl-
phenanthrenes (Fig. 3). Dibenzofurans (DBFs), dibenzothiophenes
(DBTs), benzo[blnaphthofurans (BNFs) and benzo[b]naph-
thothiophenes (BNTs) were all detected in the aromatic fractions,
eluting in the sequence: DBF, MDBFs (methyldibenzofuran isomers),
DBT, MDBTs (methyldibenzothiophene isomers), BNFs, BNTs.

BNFs are ubiquitous in source rocks and crude oils. They are found in
marine, lacustrine, and fluvial/deltaic environments (Li and Ellis, 2015;
Lietal., 2023). In a comparison of the retention times shown in m/z 218
mass chromatograms of source rocks in this study with those reported in
the literature (Li and Ellis, 2015), all BNF isomers have been identified
in the sediments of the Fushan Depression (Fig. 4). Li and Ellis (2015)
and Cesar and Grice (2017) found that BN23F is present in low con-
centrations in petroleum fluids. In this study, the content of BN23F was
found to be high in samples with vitrinite reflectance (Ro) <0.5%, but
decreased dramatically with increasing Ro until the concentration was
below the detection limit.

BNTs can also be identified in the m/z 234 mass chromatogram
(Fig. 4) by comparison with the retention times and elution sequences
reported in the literature (Li et al., 2012). Three BNT isomers, i.e.
BN21T, BN12T, BN23T were positively identified (Fig. 4). The more
stable BN21T isomer predominates over BN12T and BN23T (Wang et al.,
2021). BN23T has the lowest concentrations except in a several imma-
ture samples.

Table 1
Thermodynamic properties of BNFs and BNTs (The BNF results were modified
after Li et al., 2023. The BNT results were modified after Li and Zhang, 2023).

/\E (kcal/mol) AU (kcal/mol) /\H (kcal/mol) /\G (kcal/mol)

BN12F 0.00 0.00 0.00 0.00
BN21F 0.26 0.26 0.26 0.24
BN23F 1.57 1.57 1.57 1.55
BN21T  0.00 0.00 0.00 0.00
BN23T 2.01 2.00 2.00 2.00
BN12T  3.49 3.57 3.57 2.79

4.2. Thermodynamic stability of benzo[b]naphthofurans and benzo[b]
naphthothiophenes

Molecular simulation is an important tool for measuring molecular
microstructures and calculating the macro nature of a given system.
Quantum chemical calculations were conducted to obtain the thermo-
dynamic parameters of the BNFs and BNTs, including electron energy
(AE), internal energy (AU), enthalpy (AH), and Gibbs free energy (AG).
All the calculations in this study were performed in Gaussian 09 soft-
ware. Based on density functional perturbation theory, zero-point en-
ergy correction was calculated using the B3LYP method, with the
frequency of geometric optimization at the 6-3114++G (d, p) level (Zhu
et al., 2019; Liu et al., 2020).

Analysis of the thermodynamic properties of BNFs shows that BN23F
is the least stable isomer with the highest energy. The thermodynamic
stabilities of the three BNF isomers are (most to least) BN12F-BN21F-
BN23F (Table 1) (Li et al., 2023). Previous studies have suggested that
the steric effect is the primary factor affecting the thermal stability of
isomers (Yang et al., 2019; Zhu et al., 2019; Liu et al., 2020; Zhu et al.,
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2022). The steric hindrance of the benzene rings at dibenzofuran causes
thermodynamic instability. In BN23F, the included angles between the
benzene rings and dibenzofuran are considerably deformed from the
optimal 120° (Fig. 5), which results in high total energy and poor sta-
bility. In contrast, the angles are less deformed in BN12F and BN21F,
which are consequently more stable (Li et al., 2023).

BN21T is the most stable of the BNT isomers, with the lowest energy
and the least deformation between the benzene rings and dibenzothio-
phene (Fig. 5). BN23T and BN12T are similar, both having high energy
and poor stability (Li and Zhang, 202.3).

4.3. Effects of maturity on the distribution patterns of benzo[b]
naphthofurans and benzo[b]naphthothiophenes

In this study, complete BNT and BNF series were observed in all
samples. Maturity of organic matter in source rocks affects the relative
abundances of individual BNF and BNT isomers. The distribution pat-
terns of BNFs and BNTs with different maturities are shown in Fig. 6.

There is a marked predominance of BN21F and BN23F over BN12F in
immature samples. As maturity increases, the abundance of BN12F in-
creases and eventually exceeds that of BN21F and BN23F. The content of
BN23F decreases rapidly, which is consistent with its calculated thermal
stability (Table 1). The relative abundance of BN12F and BN21F
increased gradually as maturity increases. The relative contents of BNT
isomers are also affected by maturity. In the early stage of maturation,
the contents of the three BNT isomers are similar. With the thermal
maturity increases, the contents of BN12T and BN23T decrease
dramatically, probably because of their poor thermal stability (Table 1).

Given the predictability of their distribution patterns with increasing
maturity and difference in thermal stability of isomers, BNFR and BNTR
(defined as BN12F/BN21F and BN21T/BN12T) have been proposed as
maturity indicators (Wang et al., 2021; Li et al., 2023; Li and Zhang,
2023).

To understand the variation of relevant parameters in the actual
geological profile, 15 samples from three adjacent wells in the same area
were selected to illustrate the continuous changes in BNFR and BNTR
with depth (Fig. 7a and Fig. 7b). BNFR is about 0.98 at a depth of 2900 m
and increases overall with increasing depth, finally reached 3.0 at
approximately 3750 m. Similar variation with depth was also found for

BNTR. BNFR increases linearly with depth but BNTR increases slowly at
first and then exponentially.

Vitrinite reflectance (%Ro) is an important index reflecting organic
matter maturity. Fig. 8 shows the correlations of BNFR and BNTR with
measured vitrinite reflectance. The two ratios both correlate positively
with vitrinite reflectance (R? = 0.89 and 0.96, respectively). BNFR and
BNTR can therefore be applied as maturity indicators in the immature to
mature stages (Ro = 0.4% ~ 1.0%). In thermal simulation experiments,
Wang et al. (2021) suggested that BNTR could be used for maturity
assessment where Ro>1.0% due to the strong thermal stability of its
components. However, it was found in the present study that, at high
maturity (Ro>1.0%), the less stable BN21T and BN23T isomers are
present in extremely low concentrations or below the detection limit.
Assessment of thermal maturity using BNFR is therefore prone to errors,
so BNTR is more suitable for maturity assessment where Ro<1.0%.

Despite these correlations, it is still unclear whether maturity is the
main controlling factor for BNFR and BNTR. Cesar and Grice (2017)
suggested that clay catalysis is a factor in the formation of BN12F and
that the ratio BN21F/BN12F is therefore related to depositional envi-
ronment. Variations in the absolute concentrations of BNF isomers with
increasing burial depth are shown in Fig. 9a. The content of each BNF
isomer reaches its maximum value around 3070 m, in the sequence
BN23F > BN21F > BN12F. With increase in maturity, BN23F content
decreases dramatically, with the minimum being close to zero. The ab-
solute concentration of BN12F, on the other hand, reduces slowly, which
is attributed to its comparatively higher thermal stability. It is noted that
the samples used in Cesar and Grice (2017) were all of low maturity,
with Ro = 0.4% ~ 0.6%. In early maturity, the content of each BNF
isomer is related to the sedimentary environment and in particular to
clay mineral contents. As maturity increases, thermal degradation cau-
ses a decrease in the absolute contents of BNF isomers. Previous studies
have also shown that the distribution pattern of PAHs is mainly
controlled by kinetics at low thermal maturity and by thermodynamics
at higher maturity (mainly determined by the stability of compounds)
(van Duin et al., 1997; Rospondek et al., 2009). Thus, the relative con-
tents of BNF isomers in the mature stage is controlled by thermal sta-
bility, which suggests that BNFR may be a useful indicator at that stage.

Li et al. (2014a) observed that the BN21T/(BN21T + BN12T) ratios
of source rocks exhibit no obvious variations with thermal maturity
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samples from the Fushan Depression.

within the oil-generation window so the ratio has been considered to be
an ideal indicator of migration distance. However, there are discrep-
ancies in the thermal stabilities of the three BNT isomers (Wang et al.,
2021). The absolute concentration profile of the BNT isomers is shown in
Fig. 9b, which indicates that the generation rate of BN21T is signifi-
cantly higher than that of BN12T and BN23T. The unobvious change in
the BN21T/(BN21T + BN12T) ratio observed by Li et al. (2014a) was
attributed to low abundance of BN12T, which is explained by its poor
thermal stability when Ro > 0.5% (Fig. 6). With increasing maturity,
BN21T/(BN21T + BN12T) increases from 0.8 to 0.94, and then stabilizes
at close to 1.0 (Fig. 7¢), a slight change which has been largely ignored in
previous studies. However, it means that the relative contents of BNT
isomers can act as migration tracers and maturity indicators based on
both maturation-levels and migration fractionation effects.

4.4. Comparison of the distributions of benzo[b]naphthofurans and
dibenzofuran

Previous studies have suggested that DBFs originate from poly-
saccharides, phenols, or woody plants (Born et al., 1989; Pastorova
et al.,, 1994; Sephton et al., 1999; Fenton et al., 2007). Radke et al.
(2000) proposed that dibenzofurans in sedimentary rocks may be
derived from lichens. However, laboratory experiments indicate that
reactions of biphenyls with oxygen form dibenzofurans (Asif et al.,
2010). At present, the origins of DBFs in sedimentary rocks remain
controversial. Marynowski and Simoneit (2009) proposed that genera-
tion of BNFs is related to combustion processes, as they have been found
in great quantities in sediments associated with wildfires. They may also
originate from unburnt terrestrial material, as implied by their high
abundance in immature sedimentary rocks. Li and Ellis (2015) suggested
that these oxygenated compounds may derive from terrestrial organic
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Fig. 8. Variations of (a) BNFR and (b) BNTR with vitrinite reflectance (%Ro) for source rock samples from the Fushan Depression, Beibuwan basin.

matter according to their significant concentrations in coal and coaly
shales.

In this study, the absolute concentrations of BNFs were combined
with DBF to better understand the formation mechanism of BNFs in the
geological samples. The covariation of BNFs with DBF indicates similar
origins (Fig. 10a). Although the mechanism of BNF generation is not
clear, the similarity between DBFs and BNFs has been preliminarily
observed in the geosphere. It has been proposed that an oxic environ-
ment is conducive to the formation of DBFs (Li and FEllis, 2015; Pu et al.,
1991; Radke et al., 2000). Consequently, an oxic environment with
higher plants input can be considered to be favorable for the formation
of both DBFs and BNFs.

To gain a better understanding of the origin of BNFs, the relationship
between BNF concentrations and vitrinite reflectance was investigated
(Fig. 11a). The absolute concentrations of BNFs decrease with increasing
maturity. BNFs may therefore be formed during diagenesis, with ther-
mal degradation probably leading to lower concentrations in mature
stage. The decrease of BNFs with increasing thermal maturity is
consistent with the behavior of another naphthofuran compound,
dinaphthofuran (Zhu et al., 2022). This suggests that naphthofuran
compounds, BNFs and DNFs, may be generated during diagenesis then
become degraded or transformed into other compounds at higher ther-
mal maturity.

4.5. Comparison of the distributions of benzo[b]naphthothiophenes and
dibenzothiophene

Previous studies have suggested that sulfur heterocyclic aromatics
may be generated by reaction of hydrogen sulfide (H»S) with unsatu-
rated compounds in sediments during diagenesis (Orr, 1986; Baskin and
Peters, 1992; Lu et al., 2013). Reaction of biphenyl and its methylated
homologues with elemental sulfur is therefore another possible mech-
anism for DBT formation (Xia and Zhang, 2002; Asif et al., 2009; Li et al.,
2013a, 2013c). In this study, the absolute concentrations of BNTs and
DBT were compared to obtain a better understanding of the formation
mechanism of BNTs (Fig. 10b). The positive correlation (R? = 0.94)
suggests that the formation mechanisms of BNTs and DBT are similar.

Cyclized C—S bonds are present in aromatic sulfur compounds such
as benzothiophenes (BTs) and dibenzothiophenes (DBTs), which results
in high thermal stability (Sinninghe Damste and de Leeuw, 1990). These
thermally stable organosulfur compounds are common in mature to
overmature oil (Sinninghe Damste and de Leeuw, 1990; Kelemen et al.,
2010). In this study, a considerable increase was observed in the abso-
lute concentrations of BNTs with increasing maturity, which indicates
that BNTs might be continuously generated in the process of hydrocar-
bon generation by thermal degradation of kerogen. (Fig. 11b). On the
basis of geological observations and laboratory experiments, Asif et al.
(2009) suggested that DBT can be generated by biphenyl reacting with
sulfur when catalyzed by activated carbon. The analogous studies also



X. Wang et al.

BNFs Absolute Concentration (ug/g C,,,)

25

20

10

Depth (m)

Absolute Concentration of BNFs(pg/g Corg)

0 5 10 15 20 25
2800

3000

3200

3400

-8 BN2IF
-©- BNI12F
—-©- BN23F
-8 BNFs

3800

Chemical Geology 626 (2023) 121454

Absolute Concentration of BNTs(pg/g Corg)

0 2 4 6 8
2800 . . .
B BN2IT
r -6~ BNI2T
- BN23T
3000'4 -~ BNTs
p

32004

34004

36004

(b)

3800

Fig. 9. Variations of absolute concentrations of (a) BNF isomers and (b) BNT isomers with depth for source rock samples.

P
7
7
[m} 0
O ///
P
o 7 R*=0.81
7
7
7
7
7
7
/// ]
-~ oo
m} E//D o
me’ O
O
O
(a)
5 10 15

DBFs Absolute Concentration (pg/g C,,,)

o 8

20 8 .n

2 pal

~ 7

§ 6 ik

g -7 R2=0.96

§ 4 70

g 'a'z’/u

@] 7/

2 8

= s

2?21 m

= O

4 (b)
=)

@ 2 4 6 8

DBTs Absolute Concentration (pg/g C,,,)

Fig. 10. Cross plots showing the relationships between (a) the absolute concentration of BNFs and DBFs, (b) the absolute concentration of BNTs and DBT.

Fig. 11. Cross plots showing the relationships between (a) the absolute concentration of BNFs and vitrinite reflectance (%Ro), (b) the absolute concentration of BNTs
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confirmed that dimethylbiphenyls and trimethylbiphenyls can yield the
corresponding dimethyldibenzothiophene and trimethyldibenzothio-
phene isomers, respectively (Asif et al., 2009; Li et al., 2013a, 2013c).
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BNTs, as the heteroatomic polycyclic aromatic compounds like DBTSs,
may have the similar synthesis path. Fig. 12 shows the possible reaction
pathways for generation of BNTs from phenylnaphthalene (PhN)
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isomers. The BN12T isomer can be formed by inserting a sulfur atom
into the biphenyl ring system of 1-PhN via reaction pathway (1). Simi-
larly, BN21T and BN23T can be formed from 2-PhN via pathways (2)
and (3), respectively (Fig. 12).

4.6. The distribution relationships between PhNs and BNTs

The significant relationship between the concentrations of BNTs and
PhNs (R? = 0.80), as well as between BN21T + BN23T and 2-PhN (R? =
0.84), may indicate product-precursor links (Fig. 13). Li et al. (2016)
indicated that initial formation of 1-PhN—which is thermodynamically
less stable—results in low abundance of 1-PhN at lower maturation
levels, which may explain the poor correlation between 1-PhN and
BN12T.

Fig. 14 shows variations in the concentrations of PhNs and BNT
isomers with burial depth. The absolute concentration of BNTs is
generally lower than 2 pg/g at depths below 3500 m, with a rapid in-
crease to 4.40 pg/g at 3550 m (Fig. 14a). The values keep increasing
until they reach a maximum of 7.50 pg/g at a depth of 3710 m. Due to
the paucity of geological samples, the absolute concentrations of BNTs
change with depths over 3800 m cannot be observed visually. The
concentration of PhNs displays a roughly parallel depth variation trend
to that of BNTs. The changes in BN21T + BN23T content with depth are

also similar to those of 2-PhN (Fig. 14a). Concentrations of 1-PhN and
BN12T are much lower than those of the other isomers, but the variation
trend of BN12T is approximately consistent with that of 1-PhN
(Fig. 14Db). In addition, the abundance of BN23T is very low compared
to BN21T, which may be due to the lower energy of BN21T. 2-PhN is
more likely to form BN21T than BN23T since the greater thermody-
namic stability of BN21T and the different reaction energies of pathways
(2) and (3).

To verify the possibility of the proposed reaction pathway (Fig. 12),
the reaction energy of the three reaction pathways were calculated
through molecular simulation (Table 2). In the reaction process, two
hydrogens on the benzene ring and naphthalene ring are supposed to
become free radicals, which collide together and eventually become
hydrogen. The calculations show that the three reactions can produce in
a positive direction, and 2-PhN — BN21T is the more likely to happen.

It is noted that the source input is one of the important factors
affecting the concentration of molecular markers. The Cy7-Cyg-Cag reg-
ular sterane ternary diagram shows that all samples fall into the zone of
mixed organic matter sources (Fig. 15). The organic matter source may
be not the main factor affecting the occurrence of BNTs. In addition, free
radical PAHs phenylation reaction is a major pathway for the formation
of phenyl PAHs, which mainly occurs in the interaction of hydrothermal
fluid with organic matter in the sedimentary systems (Meyer, 1997,
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Table 2
Calculations of reaction energy of the proposed pathways.

Reaction A,Gy, (kcal/mol)
1 1-PhN + S — BN12T + H, —85.87
2 2-PhN + S — BN21T + H, —87.20
3 2-PhN + S — BN23T + H, —85.19
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Fig. 15. Ternary diagram of regular steranes (Cy;, Cog and Cyg) showing the
organic matter sources (after Huang and Meinschein, 1979).

2000; Rospondek et al., 2007, 2009). PhNs may not be derived from a
specific organic source. The influence of source input on the correlation
of PhNs and BNTs can be ignored.

During the process of hydrocarbon generation with the complex
geological conditions, one of the possible origins of BNTs was specu-
lated. The content of BNTs and PhNs is also influenced by multiple
factors during the complex process of hydrocarbon generation from
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kerogen. Marynowski et al. (2001) proposed that reductive elimination
of sulfur and oxygen in thiophene and furan compounds may result in
the formation of PhNs. Consequently, the absolute concentrations of
BNTs do not exactly correspond to those of PhNs, in which the content of
PhNs is occasionally lower than that of BNTs.

4.7. Effects of depositional environment on the distribution of benzo[b]
naphthofurans and benzo[b]naphthothiophenes

BNFs are formed under more oxidizing conditions, while BNTs under
more reducing conditions since sulfur is incorporated into the PhN
structure (Li and Ellis, 2015). The Pr/Ph ratio of our samples varies from
1.17 to 6.31, suggesting an oxic to sub-oxic depositional environment.
To weaken the influence of thermal maturity on the total content of
BNFs, the samples with Ro <0.75% were selected to understand the
effects of depositional environment on the distribution of BNFs
(Fig. 16a). The total content of BNF in oxidizing environment is higher
than that in suboxic environment. Thus, the oxidizing environment is
conducive to the formation of BNF. Due to BNT is mainly generated
during the catagenesis stage, samples with high maturity (Ro >0.75%)
was selected to clarify the relationship between depositional environ-
ment and BNT content (Fig. 16b). Contrary to BNFs, the content of BNTs
in sub-oxic environment is significantly higher than that in oxic
environment.

BNT and BNF may be formed at different stages of thermal evolution
within different environments (Fig. 17). The delta-lacustrine deposi-
tional system developed in Liushagang Formation. The warm and humid
climate condition with flourishing vegetation in Paleogene contributes
to the input of land plants (Zeng et al., 2022). In the oxidic zone with
shallow water depth, the oxidizing environment with abundant terres-
trial plants were conducive to the formation of BNF. While BNTs is more
likely to be generated in the sub-oxidic zone with deep water depth. As
the increase of burial depth and maturity, the sulfur elements originally
enriched in the sub-oxidic zone at the bottom of the lacustrine were
incorporated to PhNs to form BNTs.
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5. Conclusion

In this study, all BNF and BNT isomers were detected in a series of
delta-lacustrine mudstones from the Beibuwan Basin, South China Sea.
The effect of maturity on the distribution patterns of BNFs and BNTs in
source rock extracts was investigated. The relative abundances of BN12F
and BN21T increase gradually with increasing burial depth and matu-
rity. Two maturity ratios, BNFR (BN12F/BN21F) and BNTR (BN21T/
BN12T), both have a good correlation with vitrinite reflectance in source
rock extracts. These ratios can therefore be applied in maturity assess-
ment of source rocks and oils (Ro>0.5%). BNFR is controlled by sedi-
mentary environment and clay mineral contents during early
maturation, while the later is affected by increasing maturity. BNTR is
more suitable for maturity assessment in the mature stages (Ro<1.0%),
whereas the error would increase in the overmature stage due to low
concentrations of BN12T.

The origins of BNFs and BNTs are similar to those of DBFs and DBTs,
respectively. An oxic environment with higher plant input is favorable
for the generation of BNFs. Since BNF concentrations decrease as
maturity increases, BNFs may be generated during diagenesis and con-
verted to other compounds at high thermal maturity.

Unlike BNFs, the absolute concentrations of BNTs generally increase
with increasing maturity, indicating a thermal origin. BNTs may be
generated from phenylnaphthalene isomers by incorporating a sulfur
atom into biphenyl during catagenesis, which is supported by the clear
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correlation between the concentrations of reactants (PhNs) and products
(BNTS).
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